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ABSTRACT: Radios are a necessity for every spacecraft mission, yet there is no existing family of radios
specifically designed for nanosatellite-class spacecraft. Conventional spacecraft radios typically try to address a
wide range of missions with a single design. As a result, they often tend toward higher complexity, mass, power
consumption and cost, making them less than ideal for use in small spacecraft, where mass, volume and power
constraints are typically severe. AeroAstro’s Modular S-Band Radio Suite (MSBRS) is intended to specifically
address this otherwise neglected market. The MSBRS is a set of very small, inexpensive radio modules designed to
enhance cost, volume, and mass efficiencies for 1 to 30 kilogram nanosatellites.
AeroAstro is developing the MSBRS for nanosatellites using a cost-effective mixture of commercial-off-the-shelf
components with proven design methods and innovative satellite engineering. Through its modular design, the
MSBRS provides significantly more flexibility to tailor the radio to the needs of each particular mission. For
example, if a mission needs more transmitted power to meet its link budget, then the appropriate high-power
amplifier module is incorporated into the “stack” of modules comprising the complete radio. MSBRS provides only
what the mission requires and doesn't burden the spacecraft with unnecessary and unused capabilities.
BACKGROUND

Instead of thinking of the radio as a large monolithic
device, it can instead be thought of as an ensemble of
well-defined modules.
Based on a mission's
requirements, the spacecraft designers can simply build
an appropriate radio using modules that meet individual
performance needs. For example, if one needs more
transmitted power to meet a specific link budget, then
all that need be done is to select the correct high-power
amplifier (HPA) module and integrate it with the rest of
the radio components. One can even envision modules
that operate at different frequencies, say S-Band and XBand. In one instance an all S-Band radio may be
preferred; in another it may be desirable to have an SBand receiver and an X-Band transmitter. With the
modular radio concept, converting between one radio
configuration and another is as simple as removing one
module and replacing it with another.

One of the primary obstacles for nanosatellites is a lack
of suitable miniature components. Given the fact that
there are limited resources available to develop new
components, there is a strong desire to focus on those
that are most common among a variety of missions and
will therefore provide maximum benefit to the space
community. Every space mission – nano, micro or
other – has a need to communicate: send data to the
ground, receive commands, or both. In other words, all
satellites need a radio, yet no suitable radio subsystems
exist for nanosatellites.
The problem with conventional spacecraft radios, and
spacecraft systems in general, are that they are designed
to try and fit the largest number of vehicle types and
mission scenarios as possible. In an attempt to be “all
things to all situations” the systems tend toward higher
mass, higher power consumption, higher complexity,
higher cost, and less capability. While conventional
spacecraft designs can often tolerate these hits in
performance, they are show stoppers for nanosatellites.

AeroAstro is progressing toward making the modular
radio for nanosatellites a reality with the development
of the Modular S-Band Radio Suite (MSBRS).
AeroAstro's MSBRS is a set of very small radio
modules specifically intended to address the needs of
nanosatellites, but capable enough to accommodate the
needs of larger spacecraft as well. By taking the
modular approach instead of developing a radio for a

A more elegant approach is that of focused performance
through modular design – functional modularity.
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specific set of requirements, AeroAstro is creating a
design solution flexible enough to suit both existing and
future nanosatellite concepts.

At the bit level, only modulation format need be
considered. Standard modulation schemes such as
Binary Phase Shift Keying (BPSK), Quadrature Phase
Shift Keying (QPSK) and Offset QPSK (OQPSK) are
all possibilities. Phase modulation and sub-carriers are
also possible, but are typically used for uplink only for
low-rate telecommand. So with CCSDS as the
baseline, and working only at the “bits” level, it then
becomes possible to design radio systems that are
broadly compatible with almost any groundstation in
the world.

GOALS AND ASSUMPTIONS
There are a wide variety of missions for which
nanosatellites are being considered. They can be in any
number of orbital altitudes – low-earth-orbit (LEO),
medium-earth-orbit (MEO), geostationary transfer orbit
(GTO), or even interplanetary and extra-terrestrial
missions (e.g., a Venus Lander). And the missions can
require a single satellite or perhaps as many as
hundreds of satellites that must communicate amongst
themselves. To accommodate the variety of potential
missions of interest, one must be able to provide several
different communications capabilities:
•
•
•
•

In terms of general mission parameters, several goals
were set to ensure that the MSBRS is applicable across
a wide variety of missions. These goals are shown in
Table 1.
Table 1. Mission Parameter Goals.

LEO-to-Earth Communications
MEO-to-Earth Communications
GTO-to-Earth Communications
Inter-satellite Communications

AeroAstro's goal in developing the MSBRS is to
provide a single radio architecture that encompasses all
of these different forms of spacecraft communications.
The basic assumptions for each of the four different
communications types include:
•

•
•

•

LEO-to-Earth Communications: a circular
800km altitude orbit with a 3-meter groundstation
dish
MEO-to-Earth Communications: a circular
20,000km orbit with a 10-meter groundstation dish
GTO-to-Earth Communications: an elliptical
orbit, with 600km perigee and 40,000km apogee,
with a 10-meter groundstation dish
Inter-satellite Communications: a circular 800km
(LEO) orbit for one spacecraft and a GEOstationary orbit for the other spacecraft

Value

Lifetime
Data Throughput
Bandwidth
Electrical Interface
Mechanical Interface
Vibration Levels
Shock Levels
Single Event Upsets
(SEU's)
Single Event Latch-ups
(SEL's)
Total Ionizing Dose
(TID)

0 to 10 years
0 to 100Mbps
0 to 100MHz
RS422 (typical)
Modular
20g rms (90 sec/axis)
500g
Tolerant
Autonomous detection
and mitigation
5krad (component level)

Note that radiation tolerance can, of course, be
improved significantly by putting aluminum around the
electronics. With such small modules, the mass impact
of this approach is acceptably small, increasing the
“box-level” TID tolerance to much higher levels.

While there are a number of groundstation standards,
they are all typically based on those recommended by
the Consultative Committee for Space Data Systems
(CCSDS), so this was assumed to be the baseline for
groundstation compatibility. CCSDS is a near-universal
standard whose origins are based upon the older Space
Flight Tracking and Data Network (STDN) standard
used by NASA and the Deep Space Network (DSN).
Additionally, there are the Air Force Satellite Control
(AFSC) standards, which are also largely compatible
with the CCSDS standards. The notable exception
relates to encryption, but this is at the “data” or “byte”
level and the radio systems described here work at the
“bits” level, so encryption can be performed externally
if required.
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Specification

There are essentially only three RF bands of general
use, namely:
•
•
•

S-Band (2 to 2.3 GHz)
X-Band (7 to 9 GHz)
K-Band (12 to 20 GHz)

Spacecraft communications in each of these three RF
bands can be accomplished by using a set of core SBand receiver (RX) and transmitter (TX) modules, and
transmit converters that heterodyne S-Band to X-Band
or K-Band as required. High-power amplifiers, or other
optional components for each of the respective bands
can also be used as required for the particular mission.
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Based on all of these assumptions, AeroAstro
performed a set of analyses to create a set of basic
specifications for the radio modules.

and RX, as the antenna-diplexer does, but the majority
of the isolation is derived from within the RX and TX
modules themselves. Distributed filtering in the RX
and TX uses very small filters at carefully selected
points within the radio circuitry where the losses have
little negative effect, but enough of the necessary
positive effects to work together with the circulator to
eliminate the diplexer and thereby reduce the size and
mass of the overall nanosatellite radio subsystem.
While a typical antenna-diplexer is at least 6” x 3” x 1”
in size and has a mass of nearly 0.5 kg, the AeroAstro
circulator is nearly an order of magnitude smaller –
much more suitable for nanosatellite radio.

DESIGN APPROACH
AeroAstro’s approach in development of the MSBRS
architecture relies on the combination of several key
features that will ultimately produce a nanosatellite
radio system of unprecedented utility, mass/volume
efficiency and cost effectiveness, including:
•
•
•
•
•
•
•
•
•

Modularity
Small and lightweight
Low power consumption
Latch-up detection and mitigation (LDM)
Optional DC/DC converter module
Programmable transmit and receive frequencies
Fly-lead interfaces
Elimination of the need for a diplexer
Use of commercial technology

In this age of wireless communications, there is an
abundance of high-performance, mass-produced
commercial-off-the-shelf (COTS) integrated circuits
(IC’s) utilized in a wide variety of miniature wireless
devices. These COTS IC’s are manufactured by the
millions, and exhibit very high reliability. AeroAstro is
taking advantage of these new technologies, carefully
applying appropriate COTS components rather than
using expensive custom technologies to achieve further
system-level enhancements.

The modular design of the radio provides maximum
versatility and adaptability to accommodate widely
varying mission requirements and constraints. Each
module is 3” x 2” x 1” and weigh about 200g. The
receiver module consumes only 1Watt of power (the
nearest competitor uses 4W minimum). Some modules
have LDM circuitry, so that if an SEL occurs, the
electronics are shut-down to prevent damage, allowing
very high-performance complementary metal-oxide
semiconductor (CMOS) circuits to be used in
appropriate applications. An optional DC/DC converter
module is available to accommodate a variety of bus
configurations and bus voltages. All frequency setting
controls are programmable via embedded PIC®
microcontrollers for ease of programming, eliminating
the need for custom crystals. Further volume and mass
savings can be made by eliminating connectors and
using fly-leads for connections.

S-BAND RECEIVER
The S-Band Receiver is the most important part of the
system, as it is on nearly 100% of the time, and DC
power consumption is ideally very low. Figure 1 shows
a provisional block diagram of the S-Band Receiver.
Frontend Filtering
The RF input (RF i/p) is filtered and amplified by a
highly selective bandpass filter and low-noise amplifier
(LNA). Use of such careful filtering makes it possible
to eliminate the bulky S-Band diplexer unit, requiring
only about 20dB of isolation, that can be afforded either
by using physically separate antennas, or by using a
circulator and a single common antenna. This approach
is referred to here as distributed filtering.

A key innovation of the architecture is the elimination
of the need for the antenna-diplexer, saving significant
mass, volume, complexity and cost – prime measures of
merit for nanosatellite applications. The elimination of
the diplexer is achieved through careful radio design
and the use of a small component known as a
“circulator”.

Downconversion
The RF signal is then heterodyned or “mixed” down to
an Intermediate Frequency (IF) near 170MHz, where
the signal is then filtered by a Surface Acoustic Wave
(SAW) filter for out-of-channel filtering.

The antenna-diplexer connects a single antenna to two
modules – the TX and the RX – and provides electrical
isolation between the RX and TX so that RX input does
not overload when the TX is transmitting. AeroAstro is
eliminating the antenna-diplexer by using distributed
filtering (isolation) in conjunction with a circulator. A
circulator affords a basic level of isolation between TX
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I/Q Demodulator
The output is then amplified and applied to an I/Q (Inphase/Quadrature) demodulator, which corresponds to
the baseband output signal representations that the unit
produces when used inside a phase-locked loop (PLL).
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Figure 1: S-Band Receiver Block Diagram.
Carrier Demodulation Loop

Bit and Clock Recovery Loops

The In-phase is a finite DC voltage, and the Quadrature
output is at 0V when locked to a Continuous Wave
(CW) signal. This forms the basis of the carrier
demodulation loop – an error amplifier/integrator drives
the local oscillators, S-band and UHF PLLs, until the
Quadrature voltage is zero. The loop parameters are
adjusted so as to be able to accommodate and lock to an
STDN-compatible uplink, swept at up to 30kHz/second
to acquire lock. The carrier PLL demodulation circuit
must acquire lock and hold lock under Doppler
conditions.

The resultant bit-stream is now filtered using a RaisedCosine Filter, yielding an “eye-diagram” that, if
sampled optimally, can produce matched filter
performance. Another 1-bit ADC and digital squaring
loop is used to generate a pilot tone equal to the bit-rate.
The PLL is then locked to this, and this then optimally
samples the eye-diagram waveform for best noiseperformance. The outputs are data and clock streams.
Telemetry Outputs
The telemetry outputs are Received Signal Strength
Indication (RSSI), Carrier Loop Stress (a measure of
the carrier loop voltage), and “In-Lock” indicator
outputs for each the carrier, sub-carrier and clock
recovery loops. The analog outputs can be either single
ended or differential, while the digital outputs can be
either single ended CMOS or differential RS-422.

Automatic Gain Control Loop
The I output corresponds to the phase-modulated carrier
amplitude, and this is applied to an automatic gaincontrol (AGC) circuit error amplifier that adjusts the
overall RF-gain so that the amplitude remains constant
independent of input level. The loop parameters are
adjusted so as to be fast enough to respond to signal
fades, but not so fast as to introduce excessive noise
into the loop.

Latch-Up Detection and Mitigation
In most missions, the receivers are on 100% of the time,
they are susceptible to latch-up when exposed to highenergy particles. Wherever possible, non-CMOS
electronics are utilized (which are essentially latch-upproof), but space-efficient and highly miniaturized
CMOS electronics cannot be easily replaced
considering what is available on the commercial
wireless market today. It is possible, on a distributed
basis, to monitor the current consumption of CMOS
circuits, and if a latch-up occurs, immediately shut
down the power to the circuit in question, hold it off for
a short interval to ensure that the particle and deposited
charge have dissipated, and then reapply power. This
should extend the life of the electronics considerably.

Sub-Carrier Demodulation Loop
Next, once the RF carrier is suitably locked, the phase
modulation at 16kHz can be detected on the Q output as
an AC content at 16kHz and is amplified and band-pass
filtered with a bandwidth commensurate with the
modulation data rate. The 16kHz sub-carriers are
BPSK, and detection is achieved by heterodyning a
local 16kHz carrier that is phase locked to the same
signal. A 1-bit analog-to-digital converter (ADC) and
digital squaring loop is used to generate a pilot-tone for
the PLL to lock to.
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Specifications

The design for the S-Band Transmitter, shown in Figure
2, is based upon the AeroAstro transmitters successfully
flown on the Canadian MOST mission. These
transmitters have been working as specified since the
mission was launched on June 31, 2003.

The S-Band Receiver in conjunction with the S-Band
Transmitter form the basis for the entire modular
concept, and can be considered as the Intermediate
Frequency (IF) for the higher frequency applications at
X or K-bands.

Frequency Generation

The nominal specifications for the receiver are shown
in Table 2.

A common problem with the generation of BPSK and
other such linear modulation formats is feedback into
the voltage-controlled oscillator (VCO) causing
modulation distortion, resulting in what appears as
excessive phase noise. One way to avoid this is to use a
high degree of isolation between the VCO and the
resultant modulation, but this requires extensive metal
screening.

Table 2. S-Band Receiver Specifications.
Specification
Modulation
PM Modulation
Sub-Carrier
RX Frequency Range
Data Rate (typical)
Data Rate Range
Bit Shaping
Sensitivity
Lockup Time
Noise Figure
Dynamic Range
Input Intercept Point
TX Tolerance Level
Carrier Track. Threshold
Carrier Tracking Range
Spurious Response
Mass
Volume
Current
DC Consumption
Supply Voltage

Value
BPSK (factory preset)
±1 to ±2 Rads
(user defined)
16 kHz
2025 MHz to 2120 MHz
2 kbps
1 kbps – 4 kbps
Bessel Roofing
-110 dBm (BER=1e-6)
@ 2 kbps
< 500msec (typical)
6dB
+38dB (SFDR)
-8dBm
(±500kHz of channel)
+57dBm
(2200-2300MHz)
-116dBm
±10kHz
< -50dBc
180 grams
3" x 2" x 1"
(LxWxH)
<200mA
<1 Watt
+5V (+10%, -0%)

Another approach is to derive the target output
frequency by heterodyning two non-harmonically
related frequency to produce the final output frequency.
This completely avoids the problem and has the added
advantage that one of the PLL’s can have a much
smaller frequency step size than if only one PLL was
used to generate the output frequency.
The downside to this approach is the need for more DC
power and RF filtering for rejection of the unwanted
mixer output products. However, with the wireless
hardware available today, this can be done very easily
using hybrid PLL’s and ceramic filters.
Data Filtering
Downlink modulation from the command and data
handling (C&DH), or on-board data handling (OBDH),
system is applied through Bessel low-pass filters for the
near-distortionless low-pass filtering, and then applied
through a Butterworth low-pass filter for ultimate
attenuation well above the Bessel filter’s low-pass
cutoff frequency.
This analog implementation eliminates the need for a
synchronized TX clock. This means that the data rate
can be changed dynamically and simplifies operation
considerably. Additionally, there is no need to
determine whether the transmitter will be the master
clock or the slave clock, further reducing system
complexity and reducing current consumption.

S-BAND TRANSMITTER
The S-Band Transmitter portion of the modular suite is
the core element for the down/return link. By careful
filtering of the transmitter white noise at the RX band,
and using a low-noise HPA, it is possible to eliminate
the S-Band Diplexer unit, when used in conjunction
with the distributed filtering of the receiver unit.
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If desired, it is possible to implement one of the lowpass filter stages as an analog approximation to a RootRaised-Cosine (alpha=0.6, RRC) filter for optimum
noise performance. However, this requires a fixed
transmitter data rate.
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Figure 2: S-Band Transmitter Block Diagram.
Tone Ranging Option

Table 3. S-Band Transmitter Specifications.

The STDN-compatible receiver has the option of a
3kHz to 110KHz audio output that can be directly
applied to the transmitter Q-channel. In this mode, the
transmitter reference oscillator is also derived from the
receiver for coherency. By injecting a small DC offset
into the I-channel, the result appears as a low-level PM
modulated sub-carrier. The turnaround ratio can be
adjusted as required.

Specification
Output Power
Modulation
DC Power
Consumption
Supply Voltage
DC to RF Efficiency
Current
TX Frequency
Range
Data Rate

I/Q Modulation
The filtered bit-stream is applied to a Vector or I/Q
Modulator, which enables BPSK or QPSK modulation.
The output is band-pass filtered to further reduce
spurious emissions, and to reduce the wideband whitenoise output, enabling the possibility of a diplexer-less
transponder/transceiver.

Data Rate Range
Filtering

Dual-Power Option

Signal Quality

For highly elliptical orbits, it is necessary to have high
and low power to establish a positive link budget at
apogee, but not to exceed the ITU-stipulated maximum
power flux density (PFD) on Earth while nearing
perigee. For this purpose, there is a 10dB step feature
in output power to cater to this need.

Clock
Spurious
Specification
Bandwidth

Specifications

Mass
Volume

Table 3 shows the nominal specifications for the
transmitter.

Spurious Response
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Value
500mW and 20mW
(adjustable)
BPSK
< 14W
(varies w/supply voltage)
+7.5V to +16V (rated)
4% @ 16V, 8% @ 7.5V
800mA (full power)
2200MHz to 2300MHz
Programmable
(76.8kbps baseline)
2kbps – 10 Mbps
Baseband roofing filter
(linear phase)
<10% EVM rms
<20% EVM pk
None required
< -50dBc
< 400kHz @ -20dBc
@ 76.8kbps
180 grams (total)
3" x 2" x 1"
(LxWxH)
< -50dBc
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S-BAND HIGH-POWER TRANSMIT AMPLIFIER

DC-TO-DC CONVERTER MODULE

The S-Band High-Power Transmit Amplifier is an
optional modular element for the down/return link path.
Figure 3 shows a provisional block diagram for the
High-Power Amplifier transmitter module.

Figure 4 shows a provisional block diagram of the DCto-DC Converter.
DC/DC

+V

Sequential
Logic

Tx +28V
DC
ccts

DC/DC

Rx +28V
HPA RF
i/p

AMP

+10V
TRANSMITTER

+5V
RECEIVER

5W HPA
O/P

LPF

Figure 4: DC-to-DC Converter Block Diagram.

Figure 3: S-Band HPA Block Diagram.
Gallium-Arsenide (GaAs) Amplifiers

In most nanosatellites, space, size and power efficiency
is at a premium, and distributed DC/DC converters
impose upon all these factors. A highly efficient,
centralized DC/DC converter would be a better
solution. Nonetheless, there will be applications where
compliance with a 28 or 42V bus will be required, or
where DC isolation and the prevention of ground loops
are of paramount concern.

There is an abundance of high-quality GaAs amplifiers
offering ample output power up to 5Watts. Using
components with a 50 Ohm input and output is
attractive as it minimizes the amount of circuit board
space required. Gain and noise filtering are carefully
adjusted so as to minimize wideband noise transmitted
at the uplink receiver frequencies.

BENEFITS
Sequential Logic
Flexibility of the Modular Approach
The Sequential Logic circuit ensures that all DC circuits
are synchronized such that the highly sensitive GaAs
amplifiers are not stressed during turn-on or turn-off.

The flexibility of the modular radio architecture is the
most important advantage the MSBRS design has over
traditional radio designs. This flexibility extends across
several different parameters, offering numerous benefits
to this approach.

Specifications
Table 4 shows the nominal specifications for this
component.

As shown in Figure 5, there are many possible mission
orbits that are typically required of nanosatellite
missions, ranging from LEO, to GTO, to interplanetary.
AeroAstro’s Modular S-Band Radio System (MSBRS)
effectively forms an Intermediate Frequency (IF) core,
enabling not only S-Band operations, but when used in
conjunction with the modular converter modules,
operation in the X-Band, K-Band and other bands is
also possible, where each band may prove desirable as a
function of orbit and groundstation availability.

Table 4. S-Band HPA Specifications.
Specification
Output Power
IP3
Linearity Class
DC Power
Consumption
Supply Voltage
DC to RF Efficiency
Current
TX Frequency Range
Mass
Volume

Pedtke

Value
5W pep (+37dBm)
+49dBm (min)
Linear (class A/AB)
<25 Watts (varies with
supply voltage)
+7.5V to +16V (rated)
20% @ 16V, 40% @ 7.5V
1.6A (full power)
2200MHz to 2300MHz
<200 grams (total)
3" x 2" x 1" (LxWxH)

In addition to the flexibility of using the same basic
components across a range of operating bands, the
modularity of the MSBRS architecture enables the
spacecraft systems engineer to tailor the radio design to
their particular mission and assemble only those
elements required to meet mission communication
objectives – and nothing more.
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Figure 5: MSBRS Modular Concept.
Additionally, the customer can arrange the MSBRS
modules in whatever physical configuration most
beneficial to the overall spacecraft layout. Modules can
be placed or “strung along” in otherwise unusable
spaces in the spacecraft structure. The HPA can be
located closer to the antenna to maximize efficiency,
while the receiver can be kept closer to the core of the
satellite for radiation shielding or a better thermal
environment. Alternatively, the customer can combine
the modules in a more conventional fashion into a
“block” and place all the communications hardware in
one place.

Typical small spacecraft communications system
requirements are fairly straightforward, and the radios
used to address these requirements need not be overly
complex. Most spacecraft communications systems
utilize a well-defined modulation scheme and data
format. Applying cutting-edge COTS components to a
straightforward and simple set of requirements enables
tremendous performance enhancement at minimal cost.
One can draw an analogy of the concept of using COTS
components for space applications to that of using
today's PC to run a perfectly adequate DOS design
program from 10 years ago – the speed gain is
enormous, and none of the functionality is lost – only
the “bells and whistles” not necessary for space
applications are missing.

Beyond Modularity
The extremely small size and mass, low power
consumption, and reduced complexity of the MSBRS
design facilitates true “nanosatellite” spacecraft in the 1
to 30kg range.

This system offers high-performance at low cost, with
the flexibility of a modular system and the low power
consumption necessary to enable nanosatellites today.

By making use of leading-edge commercial-off-theshelf (COTS) wireless electronics for both digital and
analog elements, very small systems can be
implemented. Today’s analog op-amp technology
offers very low power consumption while providing
high-speed operation. Combined with ultra-low power
CMOS digital electronics, it is possible to implement
STDN, SGLS (less the encryption element) and other
common satellite communication standards using
extremely small amounts of DC power.
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HERITAGE
AeroAstro developed two nanosatellite-sized
transmitters for the Canadian Space Agency (CSA) and
the University of Toronto Institute of Aerospace
Studies (UTIAS) Space Flight Laboratories (SFL) for
the Microvariability of Stars (MOST) mission. These
transmitters were the precursors for the MSBRS SBand Transmitter Module.

8

18th Annual AIAA/USU Conference on Small Satellites

Both transmitters (one of which is shown in Figure 6),
were built in less than three months, at low cost, and are
currently providing on-orbit communications for the

mission. MOST was launched on June 30, 2003 from
Russia, and successfully commissioned on July 1, 2003.
The downlink was determined to be 100% nominal as
per pre-launch tests and continues to function in a
nominal fashion. The MOST mission is in a 600km
circular orbit, with an expected lifetime of at least one
year.
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Figure 6: Detailed view of a MOST transmitter.
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